surfactants 11, 12 . In addition, Sakai et al. have studied control over wormlike micelle and vesicle formation by redox and photochemical reactions 13 16 . These authors have also succeeded in reversible control over the formation of vesicles via redox reaction in aqueous mixtures of a ferrocene-modified cationic surfactant and an anionic surfactant 17, 18 . There are also a few studies on the control over vesicle formation by pH variation 19, 20 . Recently, interest in micelles formed from dual multistimuli-responsive amphiphilic block copolymers 21 23 has increased. These micelles can be controlled by external stimuli such as temperature, pH variation, light irradiation, and redox reaction. These multistimuli-responsive materials can respond not only a single factor but also to changes in various circumstances. However, study on the formation and disruption of multistimuli-responsive surfactant aggregates with low molecular weight is lacking. In this work, we have synthesized a novel single-tailed surfactant Fig. 1 , containing stimuli-responsive groups reacting to pH and redox chemistry, and demonstrated spontaneous vesicle formation in dilute aqueous solutions. We report the influence of pH variation and redox of the ferrocenyl group on the reversible vesicle formation.
EXPERIMENTAL PROCEDURES

Materials
Dehydrated dimethyl sulfoxide, n-hexane, magnesium sulfate, sodium chloride, ethanol, diethyl ether, acetonitrile, and anhydrous lithium bromide LiBr were purchased f r o m K a n t o C h e m i c a l To k y o , J a p a n . P o t a s s i u m phthalimide and L -ascorbic acid were obtained from Tokyo Chemical Industry Co., Ltd. Tokyo, Japan . Hydrazine hydrate was purchased from Wako Pure Chemical Industries, Ltd. Tokyo, Japan . An aqueous solution of 47 wt hydrogen bromide HBr aq. was obtained from Nacalai Tesque, Inc. Kyoto, Japan . All materials were used as received without purification.
Synthesis
The single-tailed surfactant 11-ferrocenylundecylammonium bromide 11-FAB was synthesized according to Scheme 1. Intermediate 1, 11-bromoundecyl ferrocene, was synthesized as previously described 24, 25 11-Ferrocenylundecylammonium Bromide Solutions 11-FAB reduced form solutions for electrochemical measurements were prepared in 25 mM aqueous LiBr. Solutions of oxidized 11-FAB were prepared by the electrochemical oxidation of a 25 mM aqueous LiBr solution containing reduced 11-FAB for 5 h at 50 . Electrochemical oxidation was performed with a potentiostat Model ALS2323, BAS Inc., Tokyo, Japan at a constant potential of 0.6 V versus a Ag/AgCl reference electrode. The threeelectrode cell, consisting of a working electrode of platinum mesh 80 mesh, 35 25 mm , a counter electrode of platinum wire, and a reference electrode, was used to maintain a constant potential between the working and reference electrodes. Solutions of rereduced 11-FAB were prepared by chemically reducing the oxidized 11-FAB solution using L -ascorbic acid.
Measurements 2.4.1 Electrical Conductivity Measurements
To determine the Krafft temperature and critical micelle concentration cmc , electrical conductivity measurements were performed with a CM-60G conductivity meter DKK-TOA equipped with a CT-57101B electrode DKK-TOA .
Surface Tension Measurements
The surface tension of aqueous solutions containing reduced or oxidized 11-FAB were measured by the Wilhelmy plate method platinum plate using a KRÜSS Model K12 surface tensiometer at 30 .
Light Microscopy Observations
Differential interference contrast DIC and polarizing microscopy were performed with a Leica DMI 4000B microscope Leica Microsystems GmbH, Wetzlar, Germany at room temperature. Digital images of samples were captured using a Leica DFC300FX digital camera.
UV-Vis Measurements
Because of the high absorbance at the original concentrations, the solutions were diluted to a final concentration of 0.5 mM 11-FAB performing before UV-Vis measurements. Dodecyltrimethylammonium bromide DTAB was added to the dilute solutions to eliminate cloudy solutions of 11-FAB 29, 30 . DTAB does not absorb visible light wavelength 400-700 nm . These spectra were recorded using a V-570 UV-Vis spectrophotometer JASCO, Japan at 30 .
Cyclic Voltammetry/Voltammogram Measurements
Cyclic voltammograms CV of 11-FAB in a 25 mM aqueous LiBr solution at 30 were recorded using a potentiostat. The three-electrode cell, consisting of a platinum working electrode working electrode area: 0.020 cm 2 , a counter electrode of platinum wire, and a Ag/AgCl reference electrode, was used for CV measurements. The sweeping rate and sweeping range were 20 mV s 1 and 0-0.6 V versus Ag/AgCl, respectively.
RESULTS AND DISCUSSION
3.1 Solution Properties and Spontaneous Vesicle Formation of Pure 11-Ferrocenylundecylammonium Bromide The Krafft temperature of ionic surfactants can be defined as the melting point of the hydrated surfactant and estimated from the electrical conductivities of surfactant solutions at different temperatures 31, 32 . Figure 2 shows the electrical conductivity of a 1 mM aqueous solution of pure 11-FAB as a function of temperature. The conductivity increased slowly at low temperature 16 . After the conductivity increased sharply in the temperature range of 16-23 because of the gradual dissolution of the surfactant until the Krafft temperature, the curve of conductivity with temperature changed abruptly beyond 23 . This result indicates that the Krafft temperature of pure 11-FAB is 23 . Figure 3 shows the relationship between the surface tension of aqueous solutions of pure 11-FAB and surfactant concentration. The cmc value can be inferred as the point of an abrupt change in the slope of surface tension as a function of surfactant concentration. According to this plot, the cmc of pure 11-FAB in aqueous solution is 0.33 mM. Electrical conductivity measurements can also estimate the cmc of surfactants. The slope of the conductivity vs. surfactant concentration plot changes abruptly at the point at which surfactant aggregates such as micelles and vesicles form. The conductivity of aqueous solutions con-taining pure 11-FAB increased linearly with increasing surfactant concentration up to 0.32 mM; however, the slope of the trendline changed beyond 0.32 mM Fig. 4a . This value is consistent with the cmc estimated from the surface tension measurement. When we measured conductivities at surfactant concentrations above the cmc 0.32 mM , a change in the slope of conductivity vs. surfactant concentration was observed at a surfactant concentration of 1.3 mM Fig. 4b . This indicates the transition from small micelles to the formation of other aggregates 33 .
Light microscopy observation of a 2.5 mM aqueous solution containing pure 11-FAB revealed vesicles with diameters 10-30 μm Fig. 5a . These vesicles spontaneously formed without the application of external forces. Considering the previously determined cmc value 0.32 mM and the appearance of vesicles at a surfactant concentration of 2.5 mM, the conductivity inflection point at 1.3 mM likely corresponds to the transition from micelle formation to vesicle formation. In addition, the solution was slightly turbid when we observed the 2.5 mM 11-FAB solution by the unaided eye.
Formation and Disruption of Vesicles by pH Variation
pH variation causes a change in the hydrophilic-hydrophobic balance of surfactants having a pH-sensitive primary ammonium salt. The pH of the 2.5 mM aqueous solution of pure 11-FAB, prepared without pH adjustment, was 5.2. The 11-FAB solution was yellow with slight turbidity. The UV-Vis absorption spectra for the 11-FAB solution at pH 5.2 showed an absorption band at 440 nm, corresponding to the ferrocenyl group in 11-FAB, indicating that 11-FAB molecules were dissolved in water Fig. 6a . The pH of the solution was adjusted from 5.2 to 10.9 by adding NaOH. The addition of NaOH led to the formation of an orange precipitate and made the solution clear and colorless. The absorption peak at 440 nm disappeared, indicating that the ferrocene-modified compound was insoluble in an aqueous solution of pH 10.9 Fig. 6a . When the pH of the 11-FAB solution was decreased from 10.9 to 2.9, the original physical appearance of the 11-FAB solution returned, having yellow color and slight turbidity with an absorption band at 440 nm Fig. 6a . Figure 5 shows the DIC micrograph images of 2.5 mM aqueous 11-FAB solutions at various pH values. As described above, the DIC image at pH of 5.2 Fig. 5a showed the formation of giant and multilamellar vesicles. On the other hand, no aggregates were observed in the 11-FAB solution at pH 10.9 Fig. 5b , indicating that the vesicles were disrupted by pH variation. The DIC image of 11-FAB solution at pH 2.9 shows many giant vesicles with diameters 10-20 μm and a few spheroidal vesicles Fig. 5c . The vesicular size at pH 2.9 was slightly smaller than that at pH 5.2. The ratio of 11-FAB to the deprotonated form in the solution at pH 2.9 should be greater than that in the solution at pH 5.2. The deprotonated form insoluble in aqueous solutions may be solubilized in vesicle bilayers that give hydrophobic environment. The penetration of the deprotonated form into vesicle bilayers by solubilization will bring about lateral expansion of the bilayers, leading to an increase in the vesicle size.
Formation and Disruption of Vesicles by Redox Reaction
The redox state of ferrocenyl surfactants can be reversibly transformed by chemical and electrochemical methods. The hydrophilic-hydrophobic balance of ferrocenyl surfactants is caused by the redox reaction, because the ferrocenyl group is reversibly oxidized to ferrocenium with a univalent cation. Thus, the redox reaction of the ferrocenyl group can affect the transition of surfactant aggregates 9 .
When the ferrocenyl group in reduced 11-FAB was electrochemically oxidized in 25 mM aqueous LiBr solution, the 11-FAB solution changed from yellow and slightly turbid to blue and transparent. The UV-Vis absorption spectra for the reduced 11-FAB solution showed an absorption band at 440 nm corresponding to the ferrocenyl group in reduced 11-FAB, whereas the oxidized 11-FAB solution displayed a decrease in the absorbance at 440 nm and the appearance of an absorption band at 628 nm. This absorption band is assigned to the ferrocenium group in oxidized 11-FAB Fig.  6b . The oxidized 11-FAB solution was chemically reduced using L -ascorbic acid. In this case, absorbance at 440 nm increased with the chemical reduction reaction and the absorption band at 628 nm disappeared Fig. 6b . Thus, the (adjustment by addition of NaOH), and (c) change to pH of 2.9 from pH of 10.9 (adjustment by addition of HBr). Vesicles spontaneously formed in 2.5 mM aqueous 11-FAB solution and were disrupted by pH variation from 5.2 to 10.9. Change in pH from 10.9 to 2.9 led to reformation of vesicles in aqueous solutions.
redox reaction of ferrocenyl group in 11-FAB was reversibly performed by either chemical or electrochemical methods.
As described above, aqueous LiBr solutions containing reduced or rereduced 11-FAB 2.5 mM/25 mM LiBr were slightly turbid, whereas the oxidized 11-FAB solution was transparent. The cmc of reduced 11-FAB in a 25 mM aqueous LiBr solution was 0.03 mM Fig. 3 . Thus, the turbidity of the reduced 11-FAB solution is likely due to the formation of large aggregates. Figure 7 shows the DIC microscopy images of 2.5 mM solutions of reduced, oxidized, and rereduced 11-FAB in 25 mM aqueous LiBr. Vesicles with diameters 10 μm spontaneously formed in the 25 mM LiBr solution containing reduced 11-FAB Fig. 7a . After electrochemical oxidation, large vesicles and aggregates disappeared, as observed by light microscopy. Because aggregates with a diameter of approximately 1 μm can be observed with light microscopy, we assume that any aggregates formed from oxidized 11-FAB are less than 1 μm in diameter. Figure 8 shows the CVs of the reduced and oxidized 11-FAB solutions 2.5 mM in 25 mM LiBr . The peak current values for the reduced and oxidized 11-FAB solutions were 1.8 and 7.4 μA, respectively. The relationship between the peak current i p and the diffusion 
where n is number of reaction electrons in the redox reaction, F is the Faraday constant, A is the electrode area, C is the concentration of the species, R is the gas constant, T is the absolute temperature, and v is the scan rate. When the scan rate is constant, the peak current in CV is proportional to the square root of the diffusion coefficient 34 . The diffusion coefficient of 11-FAB in the oxidized solution was larger than that of the reduced solution. In other words, the average diameter of aggregates formed from 11-FAB decreases upon transformation from reduced to oxidized ferrocenyl in 11-FAB. We did not observe an inflection point in the plot of surface tension vs. surfactant concentration of oxidized 11-FAB at concentrations 3 mM, indicating that the cmc of oxidized 11-FAB is above 3 mM Fig.  3 . This indicates that the dissolved oxidized 11-FAB exists as a monomer and does not form aggregates in the 25 mM aqueous LiBr solution. This is consistent with the redoxresponsive behavior reported in previous research on ferrocenyl surfactants 35, 36 . Finally, when the solution of the rereduced 11-FAB was observed with light microscopy, the reformation of giant vesicles is apparent Fig. 7c .
Possible Mechanisms for Formation and Disruption of Vesicles by External Stimuli
The critical packing parameter CPP of a surfactant is important; it associates the molecular structure of the surfactant with the morphology of surfactant aggregates in aqueous solutions, and it is defined by the equation CPP v/al where v is the volume of the hydrophobic part, a is the effective cross-sectional area of the hydrophobic-hydrophilic interface, and l is the fully-stretched length of the hydrophobic chain 37 . CPP values for the formation of spherical spheroidal micelles, rod-like micelles, vesicles, and lamellar phases are CPP 1/3, 1/3 CPP 1/2, 1/2 CPP 1, and CPP 1, respectively. Previous studies of ferrocenyl surfactants 11-ferrocenylundecyl trimethylammonium bromide, FTMA , in which the primary ammonium salt in 11-FAB is replaced by a quaternary ammonium salt, have determined that this surfactant forms spherical or spheroidal micelles in aqueous and electrolyte solutions 11, 38 .
Single-chain surfactants in dilute aqueous solutions have CPP 1/3, and therefore, will preferentially form spherical or spheroidal micelles. This suggests that FTMA have values of CPP 1/3 in aqueous and electrolyte solutions. Scales and Healy et al. have reported that the effective head group radius of dodecylamine hydrobromide is smaller than that of dodecyltrimethylammonium bromide 39, 40 . In other words, the effective cross-sectional area a of the hydrophobic-hydrophilic interface in the surfactant decreases upon the replacement of a quaternary with a primary ammonium salt. Therefore, the CPP value of 11-FAB must be larger than that of FTMA, leading to the formation of vesicles from pure 11-FAB 1/2 CPP 1 .
Here, we discuss control over formation and disruption of vesicles of pure 11-FAB by external stimuli such as pH variation and redox chemistry. The vesicles formed in aqueous solutions of pure 11-FAB under slightly acidic conditions, whereas no vesicles were observed in basic solutions Fig. 5a , b . A solution changes from slight acidic to basic leads to the deprotonation of the primary ammonium salt. In other words, the primary ammonium salt in 11-FAB becomes a primary amino group in the basic solution at pH 10.9 Fig. 1 . 11-Ferrocenylundecylamine, a molecule formed by deprotonation from 11-FAB, was insoluble in water, which means that its UV-Vis adsorption spectra showed no absorbance bands for the basic solution Fig.  6a . Consequently, the disruption of vesicles is caused by the deprotonation of the primary ammonium salt in 11-FAB. Importantly, this change is also reversible, meaning that a return to acidic from basic conditions will cause the protonation of the primary amino group. This indicates that vesicles spontaneously reformed in the acidic solution of 11-FAB at pH 2.9 Fig. 5c .
We also consider the disruption and reformation of vesicles via redox reactions. Reduced 11-FAB spontaneously formed vesicles in an electrolyte solution of aqueous LiBr Fig. 7a . The vesicles were disrupted by electrochemical oxidation of the ferrocenyl group Fig. 7b . Oxidation brings about the transformation from ferrocene to a ferrocenium cation, indicating that properties can vary from hy- drophobic to hydrophilic and that the hydrophilicity of the 11-FAB molecule increases with the oxidation reaction Fig.  1 . Thus, oxidized 11-FAB can be regarded as a bola surfactant, which is composed of two hydrophilic groups attached to the ends of a hydrophobic tail. This is consistent with the redox-responsive behavior reported in previous papers on FTMA 36 . Oxidized 11-FAB behaves as a monomer, without forming aggregates, because of this high hydrophilicity Fig. 9 . The transformation of molecular structure led to the disruption of vesicles by electrochemical oxidation. Furthermore, the ferrocenium cation in oxidized 11-FAB is transformed into a ferrocenyl group by chemical reduction. The molecular structure of rereduced 11-FAB is the same as that of reduced 11-FAB, and the rereduced 11-FAB formed vesicles in aqueous electrolyte solutions as well Fig. 7c .
CONCLUSIONS
We demonstrated control over the formation and disruption of vesicles using a novel ferrocenyl surfactant, 11-FAB, by varying pH and redox reaction conditions. 11-FAB is a single-tailed surfactant; nevertheless 11-FAB spontaneously forms vesicles in aqueous solutions. The disruption and reformation of vesicles is reversibly controlled with pH variation and redox reaction. To the best of our knowledge, this article is the first report of reversible control over disruption and reformation of vesicles by plural external stimuli. This change in vesicle properties results from the drastic transformation of the molecular structure of 11-FAB.
Recently, techniques for the controlled delivery of drugs to cancer cells using pH variation and redox reaction as triggers have been reported 21, 41 44 . The dual stimuli-responsive vesicles that we have demonstrated here may be useful for effective controlled release systems.
Fig. 9
Possible mechanism for formation and disruption of vesicles by pH variation and redox chemistry. Pure 11-FAB spontaneously forms vesicles in aqueous solutions. Disappearance of hydrophilicity with increasing solution pH leads to disruption of vesicles and formation of precipitates in water. Vesicles then reform by decreasing pH again. Reduced 11-FAB also forms vesicles in electrolyte solutions. Vesicles are disrupted by electrochemical oxidation, and oxidized 11-FAB behaves as bola surfactant. Subsequently, chemical reduction of oxidized 11-FAB brings about reformation of vesicles.
